This paper aims to better understand the physiological meaning of negative correlations in resting state functional connectivity MRI (r-fcMRI). The correlations between anatomy-based brain regions of 18 healthy humans were calculated and analyzed with and without a correction for global signal and with and without spatial smoothing. In addition, correlations between anatomy-based brain regions of 18 naïve anesthetized rats were calculated and compared to the human data. T-statistics were used to differentiate between positive and negative connections. The application of spatial smoothing and global signal correction increased the number of significant positive connections but their effect on negative connections was complex. Positive connections were mainly observed between cortical structures while most negative connections were observed between cortical and non-cortical structures with almost no negative connections between non-cortical structures. In both human and rats, negative connections were never observed between bilateral homologous regions. The main difference between positive and negative connections in both the human and rat data was that positive connections became less significant with time-lags, while negative connections became more significant with time-lag. This effect was evident in all four types of analyses (with and without global signal correction and spatial smoothing) but was most significant in the analysis with no correction for the global signal. We hypothesize that the valence of r-fcMRI connectivity reflects the relative contributions of cerebral blood volume (CBV) and flow (CBF) to the BOLD signal and that these relative contributions are location-specific. If cerebral circulation is primarily regulated by CBF in one region and by CBV in another, a functional connection between these regions can manifest as an r-fcMRI negative and timedelayed correlation. Similarly, negative correlations could result from spatially inhomogeneous responses of rCBV or rCBF alone. Consequently, neuronal regulation of brain circulation may be deduced from the valence of r-fcMRI connectivity.
Introduction
Coherent low frequency fluctuations of the blood oxygenation level-dependent (BOLD) signal in the resting-state were shown to contain functional neuronal network information [1, 2] . Such information is derived from correlations between the temporal fluctuations of the BOLD signal in various brain regions in the absence of external stimuli [3] [4] [5] . Multiple resting-state networks (RSN) were defined [3, 6, 7] in this manner, and their reliability and robustness were established [8] [9] [10] . RSNs were also shown in anesthetized animals [11, 12] . Most RSN sets show positive correlations between the brain regions comprising these networks. However, several RSNs were shown to be inversely correlated. For example, it was shown that the default mode network is negatively correlated with the dorsal attention system [4, 5] . Alterations in such anti-correlated networks between healthy subjects and patients with, for example, schizophrenia [13] , ADHD [14] , bipolar disorder [15] and Alzheimer's disease [16] were observed.
The physiological mechanisms underlying resting-state functional brain connectivity MRI (r-fcMRI) are however, not clear. Positive correlations between regions comprising such networks are assumed to reflect synchronized activity between these regions, but the nature of negative correlations is debatable. A distinction should be made between physiological sources of negative correlations, such as negative BOLD signals [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , and possible data analysis biases [27] [28] [29] [30] [31] . Several studies have demonstrated negative correlations using methodologies that are free of such biases [32, 33] , thereby strengthening the assumption that both negative and positive correlations reflect genuine physiological processes. Potential physiological sources for negative correlations within resting state networks are neuronal inhibition [26, 34] and pure non-neuronal hemodynamic processes [31] .
In this study we aim to better understand the physiological mechanisms underlying negative correlations in r-fcMRI. Since the distinction between positive and negative correlations may be made difficult by the presence of a global effect that biases all correlations toward positive values (for example see [30] ), we analyzed our r-fcMRI data with and without correction for the global signal. We also tested the effect of spatial smoothing by analyzing the data with and without smoothing. We then compared human and rat r-fcMRI data, trying to account for both similarities (brain organization and functionality) and differences (hemodynamic functions) in cerebral function among the species. Based on our findings we conclude that negative and positive correlations have distinct physiological properties and propose a mechanism for negative correlations in r-fcMRI that accounts for all our findings.
Methods

Human data
Eighteen human data-sets of healthy subjects (age 29.267.4; 8 males and 10 females) were downloaded from the NITRC site (http://www.nitrc.org/projects/fcon_1000/). Data was generated by professors Milham, M.P. and Castellanos, F.X. groups' and generously posted in this site for public use (data taken from NewYork_a_part1 and part2). Data sets were chosen randomly without any exclusion criteria. To allow reproduction of the results, analysis was performed in the 'Data Processing Assistant for Resting-State fMRI (DPARSF) Advanced Edition' (Release = V2.3_130615, http://www.restfmri.net) [35] which is based on Statistical Parametric Mapping (SPM8, Welcome Department, London UK) and Resting-State fMRI Data Analysis Toolkit [36] , thus available to the public. Images were realigned, co-registered to T1 anatomy, segmented, normalized, either smoothed by a [46464] voxel kernel or not smoothed, de-trended, filtered (0.01,.0.08 Hz), covaried by the 6 rigid body functions and either with or without the global signal and then scrubbed (FD. 0.5 with 'bad' data points removed [37] ). Using a WFU PickAtlas toolbox [38, 39] , 57 ROIs (36 cortical and 21 non-cortical) were selected in the MNI space (Table 1) covering the extended limbic system. ROIs were implemented in the DPARSFA toolbox, functional connectivity between them was calculated and their time courses were extracted. The analyses yielded four connectivity analysis sets. (4) with smoothing and with regression ('+S +G'). All further analysis was performed in custom-made IDL software.
Rat data
The study was approved by the Animal Care and Use Committee of the Hebrew University. Experiments were carried out in accordance with the NIH Guidelines regarding the care and use of animals for experimental procedures (NIH approval number: OPRR-A01-5011).18 male Sprague-Dawley (380-450 g, age 1962 weeks supplied by Harlan, Rehovot Israel) rats were included in the study.
Data were collected with a 4.7T Bruker BioSpec scanner (Bruker Biospin Ettlington, Germany) using a Dotty quadrature rat head coil. Rats were anesthetized with isoflurane (1.5% +30:70 O 2 :N 2 O). Respiration rates were continuously monitored and were held between 55-65 min 21 by small adjustments of the isoflurane concentration. Body temperature was kept stable (37uC 61) using a water heating bed. 2D T2-weighted coronal images were acquired for anatomy. Functional BOLD contrast MRI was collected with EPI-FID (TR = 2, TE = 20 ms, 300 repetitions, matrix = 128664615, FOV = 363 cm 2 , 1mm slice width and three sequential sets). Functional data was first processed in SPM8 using standard spatial preprocessing steps. Images were slice-time corrected, realigned and resliced. At a second step, analysis was performed using custom-made IDL and Matlab software. It included regression-out the six functions related to motion, alignment of the MRI images to the rat brain atlas [40] , data smoothing by a 3-point-Gaussian kernel, and band-pass filtering (0.01,.0.1 Hz). 69 ROIs (24 cortical and 45 non-cortical) were pre-selected in the atlas ( 
Statistics
A one group t-statistic random effect analysis on the Fisher transformed values between subjects was performed. To correct for multiple comparisons, False Discovery Rate (FDR) correction with a threshold of a = 0.001 for humans and a = 0.01 for rats was used (the difference was due to the weaker effect in rats that is expected due to the anesthesia). To define significant connections, Table 2 . Regions of interest (ROIs) in the rat brain, their mean coordinates and volume in ml. we used the lowest threshold amongst the four analyses (the threshold corresponding to '+S -G'). Each of the four analyses (-S-G; +S-G; -S+G; +S+G) had a FDR cutoff corresponding to a = 0.001. To minimize differences due to thresholds, the same cutoff was used in all groups. Connections whose p-values were lower than the threshold are termed hereafter 'significant connections'. Categorizing connections as 'positive' or 'negative' was done based on their t-values. Significant connections with positive t-values were named 'positive-connections' and significant connections with negative t-values were named 'negative connections'. For the definition of the t-values we subtracted the global mean correlation (all Fisher transformed values from the entire group) from all correlations and then divided it by the standard error (similarly to [41] ). This resulted in distributions that were centered at zero.
Effect of time lags
To test the effect of time-lags on the correlations, we calculated the correlation values for each significant connection introducing a time-lag ranging from 226 to 26 seconds. This time range was chosen based on reported BOLD signal post-stimulus length in humans [42] and in rats [43] . Specifically, we counted the number of positive connections whose correlations became more positive and the number of negative connections whose correlations became more negative as a function of the time-lag values. figure 6 we show the numbers of significant positive and significant negative connections that were obtained by these analyses in the human data. Whereas spatial smoothing and correction for the global signal increased the number of positive connections, the effect on the negative connections was more complex. To better quantify the differences between the analyses, we calculated the percentage of common connections (positive and negative separately) between the analyses. Table 3 shows that whereas most of the positive connections were common regardless of the analysis used, different negative connections were obtained when a correction for global signal was applied.
Results
Careful inspection of Figures 2-5 suggests that negative and positive connections differ with respect to the structures they connect. To quantify this point, we categorized all negative and positive significant connections into three types: those connecting between two cortical ROIs ("Intra-Cx"), those connecting between two non-cortical ROIs ("Extra-Cx"), and those connecting a cortical with a non-cortical ROI ("Between"). The percentages of these categories are shown in Figure 7 for the four different analyses of the human data. There was a clear distinction between positive and negative connections with almost no negative connections linking non-cortical regions and only few positive connections linking cortical and non-cortical regions. As seen in Figure 7 , the effect of the different analyses on the distribution of positive connections was small while it was greater on the negative connections. Spatial smoothing had a relatively minor effect compared to the significant effect of global regression. Figure 8 shows the 171 positive (Figure 8 A & B) and 158 negative (Figure 8 C & D) significant connections observed in the rat data where no correction for global signal was used (as it was not needed since the distribution of the correlation values was centered approximately at zero). Each connection is shown as a colored line connecting two ROIs on coronal and axial rat-brain figures derived from the rat atlas [40] with ROIs numbers corresponding to the brain regions presented in Table 2 .
Several common features across both species are evident from Figures 2 and 8 . First, while many homologous bilateral regions (e.g. right and left anterior cingulate) have positive connections between each other, not even a single negative connection exists between homologous right and left hemispheric structures. Second, both negative and positive connections express a relatively high level of inter-hemispheric (non-homologous) symmetry. Note that in both the human and rat data, several regions had multiple positive connections, several had multiple negative connections and several had both multiple positive and negative connections (e.g., the right and left insula (#30, 31) in humans and the amygdala (#38 and 39) in rats), emphasizing the fact that Fishertransformed values between regions reflect connection-specific rather than region-specific properties.
Positive correlations between ROI pairs are obtained if ROI time courses express similar periodical behaviors without a timelag. Negative correlations between ROI pairs can theoretically be obtained if both ROIs express similar periodical behaviors but with a time-lag between them. The effect of time-lags on the positive and the negative connections is presented in Figure 9 for humans and in Figure 10 for rats. The figures show the percentage of significant positive and negative connections that time-lags made them even more significant (higher Fisher-transformed values for positive connections and lower for negative connections). Since the calculations were performed on the data of each subject separately, a statistical comparison is possible. Table 4 gives the p-values for that comparison for each time-lag and each type of analysis. As seen in these Figures and in Table 4 , time-lags of more than a few seconds reduced positive correlations while making negative correlations more negative. Specifically we note Table 3 . Percentage of overlap between the significant connections obtained by the four types of analyses of the human data.
Percentage of overlap between positive connections is shown by (+) and between negative connections by (2). -S-G: analysis without spatial smoothing and without global signal regression; +S-G: analysis with spatial smoothing and without global signal regression; -S+G: analysis without spatial smoothing and with global signal regression; +S+G: analysis with spatial smoothing and with global signal regression; doi:10.1371/journal.pone.0111554.t003
the following: (i) most positive connections were more significant with a zero time-lag, (ii) most negative connections were more significant with a non-zero time-lag, (iii) the time-lags that improve negative connections were of a wide range, (iv) the division between positive and negative connections was sharper when no correction for global signal was used, (v) the transition points from which any increase of the time-lag resulted in more negative than positive connections becoming more significant were at 4 sec in the human data and at 6 sec in the rat data, (vi) the use of global signal corrections increased the number of negative connections for which the most significant correlation was obtained using a zero time-lag (thus being similar to the positive connections). In contrast, the number of such 'zero time-lag' negative connections was negligible when no global signal correction was used. (vii) The rat data was qualitatively similar to human data.
Discussion
This study aimed to better understand the mechanisms underlying negative correlations in resting-state functional connectivity MRI. Analysis was performed on BOLD contrast temporal signals obtained from predefined anatomical ROIs. This type of analysis has several advantages, including a more robust signal-to-noise ratio (the average ROI signal was used), being less sensitive to registration and realignments errors, making the examination of symmetry between hemispheres possible and visualizing the functional connectivity organization on a broad and global level.
By comparing the positive and negative connections obtained through four different analysis methods applied on the human data, we demonstrated critical differences between positive and negative connections that were evident in all types of analysis. The Negative Correlations in R-fcMRI PLOS ONE | www.plosone.orgmajor difference was that introducing non-zero time-lags between ROIs reduced the significance of the positive connections, while increasing the significance of the negative connections. In addition, positive and negative connections typically linked between different regional categories. For example, no negative connections were found linking two non-cortical structures. When comparing the different analyses, the following differences were observed: (i) spatial smoothing and correction for the global signal increased the number of significant positive connections while its effect on the negative connections was more complex (Figure 6 ), (ii) spatial smoothing and global signal correction had a small effect on positive connections with respect to their regional categorization and to the degree of their overlap, while the global signal correction had a major effect on negative connections, resulting in almost no overlap between connections that were significant with and without global signal correction ( Figure 7 and Table 3) , and (iii) the differential effect that time-lags had on positive and negative connections was the strongest when no global signal correction was applied.
When comparing the results from the human and the rat data, the patterns of inter-hemispheric symmetry and the prevalence of positive bilateral homologous connections were found to be similar. More importantly, negative connections in both species generally became more negative by introducing time-lags, while positive connections did not. It must however be emphasized that, in rodents, sedation was shown to yield superior r-fcMRI results compared to general anesthesia [44] , suggesting that our rat data should be considered with caution. Additionally, no attempt was done to regress for cardiac and respiration pulsation although such filtering might have improved the results. We avoided doing this in order for the human and rat data processing to be as similar as possible. Nevertheless, we recently have shown significant r-fcMRI results using isoflurane anesthesia [45] [46] [47] and without cardiac and respiration regression, which strengthens our confidence in our rat data.
All these results support the assumption that the different forms of r-fcMRI correlations reflect different underlying physiological mechanism. We suggest a hypothesis that integrates the above findings into an inclusive model for understanding the mechanism of negative and positive connections. We are aware however, that the current evidence supporting this hypothesis is only circumstantial. The BOLD signal is affected by changes in both rCBF and rCBV. The coupling between CBF, CBV and the BOLD signal is complex, nonlinear, spatially inhomogeneous and even layer dependent [48] . The positive phase of the hemodynamic response function in response to stimulus is assumed to be dominated by rCBF changes, while the post stimulus undershoot is assumed to be affected by a delayed rCBV response [43, 49, 50] . An increase in rCBF presumably results in a decrease in blood deoxy-hemoglobin levels, causing an increase in the BOLD signal. In contrast, an increase in rCBV causes a total increase in deoxy-hemoglobin, resulting in a decrease of the BOLD signal. The balance between rCBF and rCBV could therefore determine the overall resulting BOLD signal (i.e., if the signal at any specific time point is above or below the baseline). We hypothesis that if the activity of two groups of neurons in two separate regions is highly synchronized, and if the hemodynamic response of one is rCBF dominated while that of the other is rCBV dominated, the temporal correlation between the BOLD signal in these regions will be negative. Moreover, since rCBV increases are delayed compared to rCBF increases, there will be a time-lag until the negative correlation reaches its maximal value. This view is based on the assumption that changes in BOLD signals during rest and following stimuli are comparable in magnitude [51] and mechanism. The long timelags observed in the data (Figure 7 ) are in line with the reported post-stimulus length in humans [42] and in rats [43] . We further hypothesis that if the rCBV and/or the rCBF responses are spatially dependent (for example, synchronized neuronal activity resulting in an increase of rCBV in one region and a decrease in rCBV in another) one can also expect to find negative correlations with no time lags between such regions. Overall, we suggest that negative connections are the results of complex spatially inhomogeneous hemodynamic responses that are mediated by neuronal activity. Table 4 . T-values for the comparison between the numbers of positive and negative connections that time-lag made more significance. Our hypothesis is supported by several published findings suggesting that monoamines, mainly dopamine and serotonin, differentially affect CBV and CBF in different brain regions [52] [53] [54] [55] [56] [57] . For example, it was shown that administration of agonists for the excitatory D 1 -like dopamine receptors causes an increase in CBV in certain regions, while agonists for the inhibitory D 2 -like receptors cause a decrease in CBV in other regions [57] . Such a relationship fits in well with the proposed CBV-based mechanism of negative connections, in which a positive synchronization between the activities of neurons within two regions that are differentially influenced by CBV will result in a negative correlation between their BOLD signals. Similarly, Shin et al. [56] demonstrated that in response to noxious electrical stimulation of the rat forepaw (known to induce endogenous dopaminergic neurotransmission), CBV was increased in the sensory cortex and at the same time was decreased in the caudate-putamen (CPu), although immunohistochemistry and electrophysiological recording demonstrated increased neuronal activity in the CPu.
The following findings lend further support to the hypothesis that differential neurovascular mechanisms are responsible for the positive and negative correlations between brain regions observed in r-fcMRI connectivity measurements: (i) All homologous bilateral connections were positive. Hemodynamic responses in homologous bilateral regions are expected to be similar (similar weightings of CBF and CBV). Consequently, the correlation between their BOLD signals is expected to be positive. (ii) Most of the negative connections became more significant when adding time-lags of a few seconds. Since rCBV changes were shown to be delayed compared to rCBF changes [43, 49, 50] , BOLD signals that are affected by CBV are expected to be more time-delayed compared to BOLD signals affected by CBF. The observed range of 'significance-optimizing' time-lags matches the post-stimulus delays found in humans and rats. (iii) Similar findings were obtained for both human and rat data. Human and rat data were acquired by two different protocols, with different field strengths, at different arousal states, with different resolutions and were analyzed by different software algorithms. Their anatomy, Negative Correlations in R-fcMRI hemodynamic responses and brain organization are different. In spite of all these, remarkable similarities between human and rat results were observed.
We recall that the definition of negative correlations is critical and the use of different definitions makes the comparison between studies difficult. For example, in a recent publication [58] mice rfcMRI of BOLD and CBV weighed data, were compared. Similar independent component analysis (ICA) anti-correlated networks were observed with BOLD and with CBV data, opposing our hypothesis. However, it is likely that not finding significant negative connections in their ROI-based analysis results from the different definition of negative connection. Here we used a tstatistic distribution centered at zero to define positive and negative connections. As described above, the significant differences observed between positive and negative connections, as per this definition, strengthens our belief in its relevance.
In conclusion, we propose that positive and negative connections in r-fcMRI result from neuronal-mediated hemodynamic mechanisms leading to temporal and spatial heterogeneity in rfcMRI BOLD responses. We suggest that positive connections are expected to be found between regions with synchronized neuronal activity and homogeneous hemodynamic responses while negative connections are expected to be found between regions with synchronized neuronal activity, yet with heterogeneous hemodynamic responses.
